We sought a noninvasive alternative method of monitoring peripheral vascular resistance continuously in humans, based on the analysis of arterial pressure waveforms. Radial arterial pressure waveforms were recorded noninvasively with a tonometer and analysed using a neural network method. To test the accuracy of this method, the peripheral vascular resistance was also determined by an invasive thermodilution method using a Swan-Ganz catheter in 20 subjects. To test the method in a clinical application, peripheral vascular resistance was determined by the noninvasive method before and after administration of nifedipine in 6 patients with essential hypertension.
Introduction
Peripheral vascular resistance is among the most important factors for understanding human hemodynamics; however, the usual methods for study of this parameter, such as a thermodilution technique using a Swan-Ganz catheter (1), are invasive and difficult to perform. Furthermore, clinically available procedures for the measurement of peripheral vascular resistance can be employed only intermittently. Overcoming these limitations would advance research concerning the pathogenesis of hyper- 
Methods

Subjects
After obtaining patients' informed consent, we studied 20 patients (group A) who underwent coronary angiography and Swan-Ganz catheterization to determine their cardiac index. Table 1 summarises the clinical characteristics of the patients. Patients with diseases expected to influence radial artery waveforms such as valvular disease or stenosis of large arteries were excluded from the study. Six patients with essential hypertension (group B) were studied to test the effect of nifedipine on noninvasively determined blood pressure and peripheral vascular resistance. Hypertension was defined as systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg in each of three measurements at 1-wk intervals. All drugs were discontinued at least 2 wk prior to measuring peripheral vascular resistance.
Homodynamic Recordings
With the subject supine in bed, the right wrist was splinted in a slightly extended position to appose the right radial artery to the tonometric sensor and reduce movement artifacts. Surface electrodes for electrocardiogram monitoring were attached to the limbs. Blood pressure was measured continuously and noninvasively with a tonometric monitor (JENTOW-7700, COLIN Electronics, Komaki, Japan). The principles of arterial tonometry have been described elsewhere (4) . The signals generated tonometrically by the subject's blood pressure were digitized at a rate of 500 Hz (JO data, Kanazawa, Japan) and recorded by a personal computer (PC9821 Na13, NEC, Tokyo, Japan) (Fig. 1) .
To evaluate the accuracy of the noninvasive method for measuring peripheral vascular resistance, both invasive and noninvasive studies were performed on members of group A. The cardiac index was measured by invasive thermodilution methods with a Swan-Ganz catheter (1), and peripheral vascular resistance was calculated concurrently with tonometric recording. The invasive and In a separate experiment, six patients with essential hypertension (group B) were administered 10 mg of nifedipine p.o. at 10 AM after an overnight fast. Tonometrically determined blood pressures as well as electrocardiograms were recorded before, at 30 min after and at 60 min after administration of nifedipine.
Analysis of Blood Pressure Waveforms
We performed off-line analysis on the personal computer mentioned above and at a workstation (JCC JS5/110, Tokyo, Japan). As the starting point of analysis (SP), the first positive peak of the differentiated waveform from the lowest blood pressure point was selected. The ending point of analysis (EP) was 180 ms after the SP. Blood pressure waveform analysis was performed after normalization. Blood pressure values were normalized so that the values at the SP and EP were 1 and 0, respectively. Normalized blood pressure data from the SP to the EP were subjected to the following neural network analysis.
The neural network used for the measurement of peripheral resistance was a 3-layer perceptron (2) with a 17-unit input layer, a 17-unit hidden layer, and a 16-unit output layer. The set of data presented to the input units was the sampled values of normalized blood pressure. In the output layer, the number of activated output units was proportional to the peripheral resistance. In the network, a well-known back-propagation algorithm (3) was employed as the learning method. (Fig. 2) showed a significant positive correlation (p < 0.005). According to a regression curve, peripheral vascular resistance index by neural network analysis could be calculated using the formula Peripheral vascular resistance index (dyne •s•cm-5•M2) =1 ,690 + 2,400 X neural network output Judging from the formula and the neural network output range (0.01 to 1.00), the valid range of the peripheral vascular resistance index by neural network analysis was from 1,690 to 4,100 dyne•s•cm-5•M2.
Effects of Nffedipine
The neural network analysis of the effects of the vasodilator agent nifedipine on blood pressure, heart rate, and peripheral vascular resistance index are shown in Fig. 3 . Both systolic and diastolic blood pressure decreased, and heart rate increased significantly (p < 0. (Fig. 4) .
Discussion
To develop a method permitting noninvasive, continuous evaluation of peripheral vascular resistance, we first employed a method for obtaining the arterial waveform: instead of using an indwelling arterial catheter on subjects, we made a noninvasive tonometric recording of the radial arterial pressure waveform. The tonometric method of measurement has revolutionised measurement techniques of arterial waveforms while providing identical reading conditions (4). Tonometry is based on the principle that when the surface of a rounded chamber or vessel is flattened, tangential pressure is normalized and a sensor on the flattened surface will record the pressure within the chamber (5). The tonometer voltage signal registers a pressure wave with a harmonic content that does not differ significantly from that of an intra-arterially recorded wave (6). Thus, the tonometric method renders radial arterial waveform recordings in a noninvasive and continuous fashion. To define an index of peripheral vascular resistance based on this radial artery waveform, we employed neural network analysis, because 1) no established standard functions for evaluating peripheral vascular resistance from the waveform were available; 2) the neural network could solve the pattern-recognition problem involved in evaluating peripheral vascular resistance, even if linear separation was impossible; and 3) the neural network could distinguish the pattern characteristics autonomously. We selected the SP to EP portion of the wave- Fig. 3 . Effect of nifedipine administration on systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), and peripheral vascular resistance as measured noninvasively by neural network analysis (noninvasive R). *p<0.05 vs. before nifedipine administration. form for neural network analysis because this part of the waveform is known to change according to age (7). Kelly et al. (7) have reported that in young adults the pressure declines more quickly from the systolic peak than it does in elderly adults. We also compared waveforms in young hypotensive females and elderly hypertensive males and observed a similar difference (data not shown). Given the findings of Kelly et al. findings as well as our own, we thought the waveform from the SP to the EP would be an ideal segment for analysis.
By our method, peripheral vascular resistance was derived from the arterial waveform and showed a good linear correlation with resistance values obtained by thermodilution measurements with a Swan-Ganz catheter. The degree of correlation should be adequate for clinical and physiological studies. Although the valid range as judged from the regression curve and neural network output range was limited to 1,600 to 4,900 dyne•s•cm-5•M2, we anticipate no consequent problems in (typical) physiological investigations.
The vasodilator nifedipine acts on vascular smooth muscle to decrease arteriolar resistance. Peripheral vascular resistance evaluated by neural network analysis of waveforms decreased concomitant with an abrupt decrease in blood pressure 30 min after administration of nifedipine (Fig. 3) . This observation demonstrates that our simple noninvasive method could be useful for monitoring peripheral vascular resistance to assess the efficacy of antihypertensive therapy.
Other attempts to evaluate peripheral vascular resistance have been reported that are based on invasively, directly obtained brachial arterial pressure waveforms in animal models (8) and humans (9). These investigators reported that the diastolic decay of pressure could be used to calculate an index of peripheral vascular resistance. To test their approach, we also calculated the index of peripheral vascular resistance by their method using tonometrically obtained radial arterial pressure waveforms, but the index obtained by their method and by the thermodilution method showed no correlation (data not shown). The discrepancy may reflect the fact that the radial artery is closer to resistance vessels than is the brachial artery, and diastolic decay may be affected by heart rate or the absolute value of diastolic pressure. However, the exact reason for the discrepancy remains unclear.
The subjects in the present study did not have extreme homodynamic values. To clarify the limitations of our method, subjects with severe hypertension, severe heart
